The vertebrate brain is regionalized during development into forebrain, midbrain and hindbrain. Fibroblast growth factor 8 (FGF8) is expressed in the midbrain/hindbrain boundary (MHB) and functions as an organizer molecule. Previous studies demonstrated that the brain of basal chordates or ascidians is also regionalized at least into fore/midbrain and hindbrain. To better understand the ascidian brain regionalization, the expression of the Ciona Fgf8/17/18 gene was compared with the expression of Otx, En and Pax2/5/8 genes. The expression pattern of these genes resembled that of the genes in the vertebrate forebrain, midbrain, MHB and hindbrain, each of those domains being characterized by sole or combined expression of Otx, Pax2/5/8, En and Fgf8/17/18. In addition, the putative forebrain and midbrain expressed Ci-FgfL and Ci-Fgf9/16/20, respectively. Therefore, the regionalization of the ascidian larval central nervous system was also marked by the expression of Fgf genes. q
Results and discussion
The basal chordate, ascidian, develops a hollow neural tube or brain on the dorsal side of the larva, which is a key feature of chordates (Satoh, 1994) . A previous study on Halocynthia roretzi suggested that the larval brain is homologous to the vertebrate forebrain and/or midbrain marked by Otx, and the region immediately caudal is homologous to the anterior hindbrain or midbrain-hindbrain boundary (MHB) marked by Pax2/5/8 (a gene ancestral to vertebrate Pax2, Pax5 and Pax8; Wada et al., 1998) . However, it is not known whether the ascidian larval brain has a distinct forebrain and midbrain or whether the putative MHB region functions as a signaling center with expression of the organizer molecule FGF (Joyner et al., 2000) . In addition, recent molecular data including Engrailed (En) questioned whether another invertebrate chordate, amphioxus, has a homologue of the midbrain-hindbrain boundary (MHB) at all (Holland et al., 1997; Kozmik et al., 1999) .
Here we show that the ascidian larval brain has regions homologous to the vertebrate forebrain, midbrain, MHB, and hindbrain, each of those domains being characterized by Otx, Pax2/5/8, En and/or fibroblast growth factor (Fgf ) genes. Genes for En (Ci-En; EMBL/GenBank/DDBJ accession number, AB086100) and Pax2/5/8 (Ci-Pax2/5/8; AB086101) of Ciona intestinalis were identified in the present study, while Fgf genes, Ci-Fgf3/7/10/22 (AB086094), Ci-Fgf8/17/18 (AB086096), Ci-Fgf9/16/20 (AB086097) and Ci-FgfL (AB086099), were recently characterized in our laboratory (Satou et al., 2002b) and Otx gene (Ci-Otx) was identified by Hudson and Lemaire (2001) . A cDNA clone for Ci-En was 1254 bp long. The encoded polypeptide was 345 amino acids in length and was predicted to be a C. intestinalis homologue of En by the BLAST search for the public database. The polypeptide included a homeodomain of the engrailed class as well as the additional conserved regions at both sides of the homeodomain (Fig.  1A,B) . Within this region, the identities between Ci-En and human, zebrafish, amphioxus and Drosophila En were 66%, 71%, 65% and 69%. This highly conserved sequence indicates that this protein is a C. intestinalis orthologue of En protein. A cDNA clone for Ci-Pax2/5/8 was 1285 bases and the encoded protein was 341 residues in length (data not shown). This protein included a conserved paired domain but did not have a recognizable octapeptide commonly found in all of the Pax2/5/8 proteins. Phylogenetic analysis of the paired domain indicated that this protein is included in the Pax2/5/8 subfamily (data not shown). Therefore, we concluded that this gene is an ancestral gene of vertebrate Pax2, Pax5 and Pax8 as in the case of a Pax gene in another ascidian, H. roretzi (Wada et al., 1998) .
Whole-mount in situ hybridization showed that Ci-En is expressed in two distinct domains of the central nervous system (CNS) of the tailbud embryo ( Fig. 2A) . The anterior expression domain of Ci-En corresponds to the most posterior region of the brain that is marked by Ci-Otx (see also Wada et al., 1996; Hudson and Lemaire, 2001) (Fig. 2B) . The posterior expression domain is just behind the neck region marked by Ci-Pax2/5/8 (Fig. 2C) . The expression domains of Ci-En and Ci-Pax2/5/8 are continuous without any gaps or overlaps. Ci-Fgf8/17/18, an ancestral gene of vertebrate Fgf-8, Fgf-17 and Fgf-18, is expressed in the same region as the posterior Ci-En expression domain (Fig. 2D,E) . Ci-Fgf8/17/18 was also expressed in the trunk-lateral cells and cells at the tip of the tail (Fig. 2D) . Three other Fgfs were also found to be expressed in the CNS. Ci-Fgf9/16/20 is expressed anterior to Ci-Fgf8/17/ 18, spanning the domain marked by Ci-Pax2/5/8 and the first Ci-En stripe (Fig. 2F,G) . Ci-FgfL, whose product was not assigned to any vertebrate FGFs, is expressed in the middle of the Ci-Otx domain (Fig. 2H,I ) while Ci-Fgf3/7/ 10/22 is expressed in the ventral row of the nerve cord and the posterior part of the brain (Fig. 2J) . Fig. 3 summarizes the expression patterns of Ci-Otx, CiEn, Ci-Pax2/5/8, and Ci-Fgf8/17/18 with comparison of the vertebrate counterparts (Joyner et al., 2000) . The ascidian forebrain expresses only Ci-Otx, a midbrain shows the overlapped expression of Ci-Otx and Ci-En (and probably CiPax2/5/8), and a midbrain-hindbrain boundary (MHB) signaling center expresses Ci-Fgf8/17/18. In addition, the ascidian forebrain and midbrain express Ci-FgfL and CiFgf9/16/20, respectively. Thus, the ascidian brain is extensively regionalized.
Methods

Isolation of cDNA clones
cDNA clones for Ci-En and Ci-Pax2/5/8 were obtained from our cDNA project of C. intestinalis (Satou et al., 2002a) .
Whole-mount in situ hybridization
In situ hybridization of whole-mount specimens was carried out as described in Satou and Satoh (1997) . Double staining was performed by a method described in Jowett and Lettice (1994) and Hauptmann and Gerster (1994) .
